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Periodontal disease is associated with diabetes, heart disease,
and chronic kidney disease (CKD), relationships postulated to
be due in part to vascular inflammation. A bidirectional
relationship between CKD and periodontal disease is
plausible, though this relationship has not been previously
reported. In this study, we assessed the potential for
connections between CKD and periodontal disease, and
mediators of these relationships using structural equation
models of data from 11,211 adults X18 years of age who
participated in the Third National Health and Nutrition
Examination Survey. Multivariable logistic regression models
were used to test the hypothesis that periodontal disease
was independently associated with CKD. Given the potential
that the periodontal disease and CKD relationship may be
bidirectional, a two-step analytic approach was used that
involved tests for mediation and structural equation models
to examine more complex direct and indirect effects of
periodontal disease on CKD, and vice versa. In two separate
models, periodontal disease (adjusted odds ratio of 1.62),
edentulism (adjusted odds ratio of 1.83), and the periodontal
disease score were associated with CKD when simultaneously
adjusting for 14 other factors. Altogether, three of four
structural equation models support the hypothesized
relationship. Thus, our analyses support a bidirectional
relationship between CKD and periodontal disease, mediated
by hypertension and the duration of diabetes.
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Increasing prevalence of chronic kidney disease (CKD) is an
important public health problem, especially in older adults.
The number of Americans with CKD continues to increase
with more than 20 million adults affected, many of whom are
undiagnosed.1–3 The burden of CKD in terms of medical
costs and shortened healthy life is onerous, and individuals
with CKD have markedly increased risk of end-stage renal
disease, cardiovascular disease, and premature death.4–6
Multivariable regression models have been developed
recently to aid in the early identification of patients at
high risk for CKD. These models include the following
factors: older age, race/ethnicity, gender, education, lower
income, periodontal status, smoking status, diabetes and
poor glycemic control, hypertension, anemia, cardiovascular
disease, congestive heart failure, peripheral vascular disease,
macroalbuminuria, high total cholesterol, low high-density
lipoprotein, high C-reactive protein (CRP), body mass index
(BMI), annual physician visit, and hospitalisations in the
past year.7–10
An increasing body of epidemiologic evidence supports an
association between periodontal disease and CKD.7–11
Periodontal disease was associated with a fivefold increased
risk of cardiovascular disease-related death in a retrospective
study of hemodialysis patients, after simultaneously taking
into account other important correlates of CKD.12
Periodontal disease is a chronic infection accompanied by
a systemic inflammatory response that may add to the
chronic inflammation present in CKD.13–15 Thus, in addition
to leading to tooth loss and being a major cause of
edentulism,16 periodontal disease may contribute to CKD.
The systemic inflammatory response seen in periodontal
disease has several components, including dissemination of
periodontal pathogenic bacteria and their products,17,18 as
well as locally produced inflammatory mediators. Further-
more, elevated levels of the acute-phase reactant CRP are
associated with periodontal disease and edentulism.19,20
Molecular and cellular mechanisms have been suggested
through studies of periodontal clinical status, infectious
burden, and host responses to periodontal pathogens.21–22
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The objective of the study was to assess the potential
bidirectional relationship between CKD and periodontal
disease, and potential mediators of this relationship using
structural equation models. By fitting structural equation
models the authors investigated whether hypothetical causal
structures between CKD, diabetes, hypertension, and peri-
odontal disease are statistically plausible.
RESULTS
Multivariable logistic regression modeling
Multivariable logistic regression models are used to evaluate
the direct effect of one factor (periodontal disease) on the
outcome (CKD) while simultaneously controlling for direct
effects of many other factors (diabetes, hypertension, socio-
economic status, and so on) in Table 1. Model 1 was developed
by expanding a previously reported model9 to include
15 potential risk factors including diabetes status, BMI, and
CRP. In the simpler model 2, a previously reported approach23
assessed the role of diabetes in CKD by taking into account
6 of the 15 variables included in model 1. Model 3 reports the
independent association of 12 of the 15 variables in model 1,
along with the continuous measure of diabetes duration and
excluding periodontal disease. Lastly, model 4 consists of
model 3 plus periodontal disease score to determine the
independent association between periodontal disease score and
CKD, and to depict the impact of periodontal disease score on
the other 14 potential risk factors.
Periodontal status was independently associated with
CKD in models 1 and 4 after simultaneously taking into
account all other factors as listed in Table 1. In model 1,
edentulous adults and adults with periodontal disease were
approximately twice as likely to have CKD (adjusted odds
ratio (ORAdj)¼ 1.83; confidence intervals 95% (95% CIs):
1.31–2.55 and ORAdj¼ 1.62; 95% CI: 1.17–2.26, respectively),
after adjusting for 14 other potential risk factors. Diabetes
status was not significant in model 1 and addition of diabetes
status, BMI, and CRP to the previously published model of
CKD9 led to an average 2.36% change in the effect of the
other potential risk factors. Unexpectedly, diabetes glycemic
control was not significant when 14 other potential risk
factors were simultaneously considered. However, when only
6 of the 15 variables were considered in model 2, adults with
poor glycemic control were almost twice as likely to have
CKD than those without diabetes (ORAdj¼ 1.74; 95% CI:
1.02–2.97), after adjusting for age, race/ethnicity, gender,
hypertension, and BMI. Not surprisingly, in model 3,
diabetes duration was independently associated with CKD
when periodontal disease was excluded as one of 14 potential
risk factors (ORAdj¼ 1.02; 95% CI: 1.00–1.05). In model 4,
periodontal disease score was statistically significant, such
that for every 1-unit increase in the continuous periodontal
disease score, the odds of having CKD are 1.01 times greater,
or increased by 1%, when adjusting for the other factors.
In summary, we used logistic regression analyses to test
the hypothesis that periodontal disease is independently
associated with CKD in two separate models (models 1 and 4).
We found edentulous adults and adults with periodontal
disease were more likely to have CKD than those without
periodontal disease, after simultaneously adjusted for 14
other potential risk factors, including glycemic control in
model 1 and diabetes duration in model 4.
Examination of diabetes and hypertension as possible
mediators of the relationship between CKD and periodontal
disease
In the linear regression model for duration of diabetes
(continuous) as a function of periodontal disease and the
other potential risk factors (hypertension, age, race/ethnicity,
gender, income, macroalbuminuria, cholesterol, high-density
lipoprotein, smoking, hospitalisation in the past year, and
physician visit in the past year), periodontal disease was
significantly associated with diabetes duration. Adults with
periodontal disease or who were edentulous had significantly
higher mean diabetes duration, relative to adults without
periodontal disease. Given the significant relationship of
periodontal disease and CKD when not including diabetes
status in the model,9 a second model was fitted adding
diabetes duration as a potential risk factor of CKD that found
the relationship of diabetes duration with CKD was
significant, and the relationship of periodontal disease with
CKD remained significant and was unchanged when diabetes
duration was included in the model.
Hypertension was also found to be a mediator of the
relationship between periodontal disease and CKD through
diabetes. Periodontal disease was significantly associated with
hypertension when controlling for diabetes duration (contin-
uous). In other words, adults with periodontal disease
or who were edentulous were significantly more likely to
have hypertension than adults without periodontal disease
when controlling for the other factors, including diabetes
duration. When hypertension was added to an initial model
of CKD (previous study9 only excluding hypertension)
along with periodontal disease, the relationship of periodontal
disease with CKD remained significant and was slightly
attenuated. The relationship of hypertension with CKD
was also significant, suggesting partial mediation of the
periodontal disease and CKD relationship. Collectively, these
analyses provide initial empirical support for possible media-
tion of the periodontal disease and CKD relationship by
hypertension.
Structural equation models
An additional table depicting findings is available as Supple-
mentary Information at http://www.nature.com/ki.
Use of structural equation modeling adds important
insight to the relationship between periodontal disease and
CKD because it allows us to examine more complex direct
and indirect effects of periodontal disease on CKD and vice
versa. As with the multiple logistic regression models
described above, we designed several different structural
equation models to assess the possible bi-directional relation-
ship between periodontal disease and CKD.
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Models A and B depict the structural equation models for
the outcome CKD. When assessing the role of periodontal
disease leading to diabetes in model A, periodontal disease
has a significant direct effect on CKD, and has this effect
indirectly through diabetes duration and hypertension. In
other words, periodontal disease has a significant direct effect
on diabetes duration; diabetes duration has a significant
direct effect on hypertension, and hypertension had a
significant direct effect on CKD. These results suggest that
the individuals with increased periodontal disease score were
more likely to have CKD when taking the other relationships
in this model into account. These results also suggest that
diabetes duration has an effect on CKD indirectly through
hypertension, but unexpectedly does not directly impact
CKD. Using the MPlus analysis to measure fit, this model has
a close fit, which indicates this pathway is statistically
plausible. Next, when assessing the role of diabetes leading
to periodontal disease in model B, this model also has an
acceptable fit and provides additional support for a
significant direct effect of periodontal disease on CKD, and
provides further evidence of significant indirect effects of
diabetes duration on CKD operating through periodontal
disease and hypertension.
Models C and D depict the structural equation models for
the outcome periodontal disease. When assessing the role of
periodontal disease leading to diabetes in model C, CKD has
a significant direct effect on periodontal disease score,
whereas diabetes duration has a significant indirect effect
on periodontal disease through hypertension and CKD.
These results suggest that increased periodontal disease score
is associated with increased duration of diabetes, which in
turn leads to increased probability of hypertension, which in
turn leads to increased probability of CKD. The direct effect
of diabetes duration on CKD is not significant, whereas the
indirect effect of diabetes duration on CKD (through
hypertension) is once again significant. Model C has a better
fit than model A, thus suggesting a more plausible
representation of these relationships than model A. The
close fit of model D (compared with model C) assessing the
role of diabetes leading to periodontal disease suggests that
CKD has a significant direct effect on periodontal disease.
Diabetes duration seems to have an impact on periodontal
disease, both directly and indirectly through increased
probability of hypertension and CKD.
In summary, models A, C, and D seem to be the most
plausible models. Each model suggests that a bidirectional
Table 1 |Multivariable logistic regression models of the association with chronic kidney diseasea
Explanatory variables Model 1 ORAdj (95% CI) Model 2 (ref. 23) ORAdj (95% CI) Model 3 ORAdj (95% CI) Model 4 ORAdj (95% CI)
Periodontal status
Edentulous 1.83 (1.31–2.55)*
Periodontal disease 1.62 (1.17–2.26)*
Periodontal disease scoreb 1.01 (1.01–1.02)*
60+ Year olds 10.05 (6.77–14.92)* 15.62 (10.37–23.52)* 11.65 (7.79–17.42)* 8.70 (5.70–13.28)*
Macroalbuminuria 5.53 (2.97–10.32)* 5.33 (2.86–9.94)* 4.96 (2.63–9.38)*
Race/ethnicity
Non-Hispanic white 3.45 (2.31–5.14)* 3.07 (2.17–4.36)* 3.82 (2.62–5.56)* 3.46 (2.34–5.10)*
Non-Hispanic black 2.26 (1.46–3.50)* 2.20 (1.43–3.38)* 2.67 (1.72–4.14)* 2.40 (1.53–3.78)*
Hypertension 2.18 (1.69–2.82)* 2.49 (1.96–3.18)* 2.33 (1.75–3.12)* 2.19 (1.64–2.94)*
Smoking status
Former smoker 1.96 (1.38–2.80)* 2.24 (1.37–3.67)* 2.31 (1.41–3.79)*
Never smoker 1.58 (1.13–2.22)* 1.62 (1.01–2.61)* 1.86 (1.14–3.03)*
Low HDL 1.81 (1.21–2.69)* 1.84 (1.19–2.84)* 1.74 (1.13–2.70)*
Hospitalized in past year 1.62 (1.18–2.23)* 1.73 (1.29–2.32)* 1.66 (1.22–2.25)*
Low income 1.63 (1.28–2.07)* 1.83 (1.46–2.30)* 1.51 (1.15–1.99)*
Annual physician visit 1.65 (1.08–2.53)* 1.64 (1.02–2.65)* 1.68 (1.03–2.73)*
High cholesterol 1.50 (1.16–1.96)* 1.61 (1.23–2.10)* 1.57 (1.21–2.03)*
Female 1.43 (1.03–1.99)* 1.32 (1.00–1.74)* 1.41 (0.97–2.03) 1.35 (0.93–1.98)
Diabetes status
Poor control 0.98 (0.67–1.43) 1.74 (1.02–2.97)*
Better control 0.91 (0.51–1.64) 1.09 (0.78–1.54)
Diabetes durationc 1.02 (1.00–1.05)* 1.02 (1.00–1.04)
Body mass index (kg/m2) 0.99 (0.97–1.01) 1.00 (0.98–1.03) 0.99 (0.96–1.02) 0.99 (0.96–1.02)
C-reactive protein (mg/dl) 1.15 (1.01–1.32)* 1.16 (1.02–1.32)* 1.13 (1.00–1.28)
Abbreviations: CI, confidence interval; CKD, chronic kidney disease; HDL, high-density lipoprotein; ORAdj, adjusted odds ratio for the association between chronic kidney
disease, simultaneously taking into account all the listed factors.
aExcluded those who report never or former smoking with serum cotinine level indicating current smoker.
bFor every 1-unit increase in the continuous periodontal disease score, the odds of having CKD are 1.01 times greater, or increased by 1%, when adjusting for the other factors.
cFor every 1-year increase in diabetes duration, the odds of having CKD are 1.02 times greater, or increased by 2%, when adjusting for the other factors.
*Po0.05.
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relationship may exist between CKD and periodontal disease.
Periodontal disease impacts CKD directly, CKD impacts
periodontal disease directly, and periodontal disease indirectly
affects CKD through diabetes duration and hypertension.
Results from models A, C, and D also suggest a bidirectional
relationship between periodontal disease and diabetes dura-
tion. These findings support a direct relationship of diabetes
with CKD (model D) and that diabetes impacts CKD
indirectly through periodontal disease (model B) and
hypertension.
DISCUSSION
This US population-based study investigated a possible
bidirectional relationship between CKD and periodontal
disease. We began with multivariable logistic regression
models to examine the independent association between
CKD and periodontal disease, and used the results of these
inquiries to test for mediation and to design structural
equation models to determine direct and indirect relation-
ships of periodontal disease and CKD, and vice versa.
It has been shown that diabetes is associated with peri-
odontal disease in a bidirectional relationship. Whether peri-
odontal disease has a causal relationship with diabetes has yet to
be determined, as the findings have been equivocal.24
We took great care to design multivariable logistic
regression models that would control for the potential risk
factors for CKD, and to investigate the role diabetes among
the other 14 variables. Although model 1 unexpectedly found
diabetes glycemic control was not associated with CKD
when considering 14 other potential risk factors, when only
five other variables recently reported23 were considered in
model 2, diabetes glycemic control was associated with CKD.
To further separate out the effects of diabetes on CKD while
simultaneously taking into account the other 13 variables in
model 3 (without periodontal disease), this allowed us to
determine diabetes duration was independently associated
with CKD, and provided a stepping stone to model 4. When
periodontal disease score was added in model 4, periodontal
disease was significantly associated with CKD.
Models 1 and 4 indicate the robustness of the effect of
periodontal status on CKD, as periodontal status was
independently associated with CKD irrespective of periodontal
status definition. The effect of periodontal disease was further
substantiated by model 4, because when periodontal disease
score was added to model 3, there was a 25% decrease in
the effect of the strongest risk factor, namely older age. Using
these four models allowed us to demonstrate the importance of
simultaneously taking into account other potential risk factors,
and the importance of the definitions used for the variables.
Furthermore, the periodontal disease and CKD relationship was
found to be mediated by diabetes duration and hypertension.
Our results suggest that the effect of periodontal disease on
CKD may have two components, a direct effect and an effect
mediated by diabetes duration and hypertension.
We next designed several biologically plausible structural
equation models to determine whether there is either a direct
or indirect effect of periodontal disease on CKD. The
structural equation models were derived in large part using
the multivariable logistic regression models reported herein.
This approach allows a variable to function as both an
independent and dependent variable,25 hence permitting tests
of the bidirectional association between CKD and peri-
odontal disease. We were now able to demonstrate a
bidirectional relationship between periodontal disease and
CKD, as well as mediation of the effect via diabetes duration
and hypertension.
We acknowledge that causal inference is generally not
possible with cross-sectional data because of the inability to
assess temporal association. Therefore, structural equation
modeling was performed because it allowed us to test
whether hypothesised causal relationships were statistically
plausible. The structural equation models were found to have
a close fit, suggesting that the proposed causal relationships
can be considered plausible, given the potentially complex
relationships between CKD and periodontal disease,26 and
paths can be tested for significance. Longitudinal studies are
necessary to further examine the nature of this possible
bidirectional relationship.
These results open up exciting new avenues of investiga-
tion. How might periodontal disease impact CKD and vice
versa? Chronic inflammation is a risk factor for both
atherosclerotic cardiovascular disease and CKD. Evidence
supports the notion that chronic inflammation contributes to
the pathogenesis of hypertension and diabetes, both major
risk factors for cardiovascular disease and CKD.27 It is
biologically plausible to hypothesise that periodontal disease,
a source of systemic inflammatory burden, is a risk factor for
CKD.7–11 CKD is an immunocompromised state charac-
terised by impaired function of T- and B-cells as well as
monocyte/macrophages.28,29 Patients with CKD have in-
creased risk of infection because of the decreased immune
response seen in the uremic milieu.30 Thus, CKD may
predispose to the chronic infection of periodontal disease, a
scenario that should be explored in future studies. Inflam-
mation may be an important link between CKD and
periodontal disease,26 a possibility that warrants further
testing of the bidirectional relationship, especially in long-
itudinal studies.
Limitations to this study include inability to infer
causality using cross-sectional data. In addition, the method
of Baron and Kenny assumes a unidirectional relationship
between CKD and periodontal disease. This limitation was
addressed through the more powerful structural equation
modeling approach which allows a variable to function as
both an independent and dependent variable,31 permitting
tests of the bidirectional association between CKD and
periodontal disease.
It is not merely the unique application of sophisticated
statistical methodology that gives this report its importance.
The data described herein suggest potential pathways to early
prevention and detection of CKD via screening and
treatment of periodontal disease. The significance of these
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data is further underscored by the recent consensus paper on
the periodontal–cardiovascular disease connection.32 This
consensus statement recommends that periodontists inform
patients with periodontal disease that they may have
increased risk for cardiovascular disease. Recommendations
were based on evidence from multiple studies supporting the
role of periodontal disease in increased systemic inflamma-
tion. It is this inflammatory component of periodontal
disease that is also relevant to CKD. Nephrologists and other
physicians currently advise adult patients to reduce risk for
CKD by modifying behavior (for example, smoking cessa-
tion, diet modification, exercise) and compliance with
medical therapy such as antihypertensive medications.1,33–35
The possibility that oral hygiene and periodontal therapy
may have a place in prevention of CKD, while intriguing,
remains to be determined in future intervention studies.
Our study has several strengths. Diabetes was found to be
associated with CKD based on an analytical approach that
assessed the same factors in a recently published model,23 and
in a separate model that incorporated eight additional
potential risk factors. The relationship between CKD,
diabetes, and periodontal disease was investigated further
using the Baron and Kenny mediation approach,36 which
found diabetes duration and hypertension were mediators in
the relationship between CKD and periodontal disease. Our
structural equation models investigated direct and indirect
effects in the assessment of four path models, the results of
which support this first report of a bidirectional relationship
between CKD and periodontal disease with mediation by
diabetes duration and hypertension. Furthermore, Third
National Health and Nutrition Examination Survey,
1988–1994 (NHANES III) sampling methodology is designed
to represent the US population and questionnaire, examina-
tion and laboratory data were collected in an unbiased
manner, such that the participants were unaware of this study
of CKD. Finally, data collection was not restricted to only
adults who visited health care providers.
This is the first report in which sophisticated statistical
methodology is applied to the study of periodontal disease,
CKD, and multiple other factors. Though it will probably not
surprise clinicians that periodontal disease is associated with
CKD and vice versa, it is nonetheless important to
substantiate repeated clinical impressions using robust
statistical methods such as this. It is also important to verify
that an apparent association, for example, between peri-
odontal disease and CKD, is an independent relationship that
is not actually an association between some other factor such
as socioeconomic status or older age. The disciplines of
epidemiology and statistics provide powerful tools to do just
that. This report is an important step in understanding the
relationship between periodontal disease and CKD. It is
especially crucial to understand the impact of periodontal
disease on CKD in that periodontal disease can be effectively
treated or better yet prevented. CKD has a devastating impact
on the individual’s quality and length of life, whereas its
burden to the health care system and the US economy is
nothing short of staggering. Lessening the impact of CKD
using the simple techniques and inexpensive materials that
will prevent periodontal disease would be a great accom-
plishment.
In summary, we used structural equation modeling
methodology to allow for simultaneous modeling of direct
and indirect effects in testing the bidirectional relationship
between CKD and periodontal disease. To the authors’
knowledge, the structural equation models in Figure 1 with
CKD leading to periodontal disease have not been previously
explored in the literature. Collectively, these findings support
the conclusion that periodontal disease is independently
associated with CKD in a bidirectional relationship that is
mediated by diabetes duration and hypertension in US
adults. Additional prospective as well as interventional
studies of the bidirectional relationship between CKD and
periodontal disease are needed to accumulate empirical data
to test causal inference and to assess the possible reduction in
incidence, progression, and complications of CKD that peri-
odontal care may provide. Further substantive and methodo-
logical research is needed to assess the contribution of these
factors when estimating risk for CKD or periodontal disease.
MATERIALS AND METHODS
Study population
This cross-sectional study used the NHANES III, a public-use data
set of civilian, non-institutionalised individuals that is representative
of the US population.37 The University of Kansas School of
Medicine–Wichita institutional review board determined this study
was not human subject research because it involved the use of
de-identified data and did not involve the collection of data
concerning human subjects. All investigators complied with the
Data Use Restrictions. This study assessed 11,211 adults 18 years of
age and older, representing 118.2 million Americans, with informa-
tion on kidney function, periodontal status, and the other factors
tested in the multivariable modeling.
Description of main outcome
The main outcome was the presence or absence of moderate-to-
severe CKD defined as an estimated glomerular filtration rate of
15–59 ml/min per 1.73 m2.1 The estimated glomerular filtration rate
was calculated using the simplified Modification of Diet in Renal
Disease Study equation: glomerular filtration rate¼ 186.3
(serum creatinine in mg/dl)1.154 age0.203 (0.742 if female)
(1.21 if non-Hispanic black). The serum creatinine value was
calibrated by subtracting the value of 0.23 mg/dl to align the NHANES
measures with creatinine assays in the aforementioned equation.38
Description of main exposure and potential risk factors
The main exposure was periodontal status assessed by clinical
examination performed by a dentist on all participants who
consented, and categorised as no periodontal disease, periodontal
disease, or edentulous (that is, no natural teeth). Periodontal disease
was defined as one or more sites with both X4 mm loss of
attachment and bleeding on the same tooth.39 In addition, we
developed a novel periodontal disease score to address both partial
and complete tooth loss. This score was derived by multiplying the
proportion of teeth classified as having periodontal disease by 100.
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A value of zero was assigned if the tooth was present and periodontal
disease was absent, a value of 1 was assigned if the tooth was present
and periodontal disease was present, or a value of 0.72 was assigned
if the tooth was absent, assuming that 72% of missing teeth were
extracted because of the periodontal disease.40 The proportion is the
sum of the periodontal disease status values for all the teeth present
and missing divided by 14, which is the total number of teeth
evaluated for each individual in NHANES III.
The other potential risk factors including socioeconomic status,
health status, health behavior and biomarkers, anthropometric
assessment, and health care utilisation are depicted in the descriptive
summary in Table 2.
Statistical analyses
Multivariable logistic regression modeling. Multivariable
logistic regression models were fitted to test the hypothesis that
periodontal disease was independently associated with CKD.
Estimates of ORAdj, and 95% CI describe the independent
effects of the potential risk factors. This analytic approach used
design-based logistic regression modeling in SUDAAN, version 10
(Research Triangle Institute, Research Triangle Park, NC)
to estimate the direct relationships of periodontal status (main
exposure) and other scientifically relevant risk factors with the odds
of having CKD (main outcome), taking the complex design features
and sampling weights of the NHANES III into account. (Multi-
variable logistic regression models are designated numerically to
distinguish them from the structural equation models that are
designated alphabetically below.) Previous work motivated the
report herein of the following four models:
(1) Model 1: A full model with all 15 potential risk factors,
including the addition of diabetes status, BMI, and CRP to
Fisher et al.9
(2) Model 2: Coresh et al.23 with six potential risk factors.
Periodontal
disease
Diabetes
duration
Chronic kidney
disease
Diabetes
duration
Chronic kidney
disease
HypertensionHypertension
Periodontal
disease
Periodontal
disease
Smoking, age, race/ethnicity
gender, income, obesity
annual dentist visit.
Diabetes
duration
Hypertension
Chronic kidney
disease
Diabetes
duration
Chronic kidney
disease
Hypertension
Smoking, age,race/ethnicity
gender, income, obesity,
annual dentist visit.
Model A. Chronic kidney disease structural equation model
Model C. Periodontal disease structural equation model Model D. Periodontal disease structural equation model
Model B. Chronic kidney disease structural equation model
Periodontal
diseaseSmoking, age, race/ethnicity,gender, income, cholesterol,
macroalbuminuria, CRP, HDL,
annual physician visit, obesity,
hospitalized in past year.
Smoking, age, race/ethnicity,
gender, income, cholesterol,
macroalbuminuria, CRP, HDL,
annual physician visit, obesity,
hospitalized in past year.
Figure 1 |Hypothetical structural equation models outlining four possible relationships between CKD and periodontal disease. Not
shown are relevant potential risk factors of diabetes, for example, obesity, hypertension, and race/ethnicity. Abbreviations: CKD, chronic
kidney disease; CRP, C-reactive protein, HDL, high-density lipoprotein.
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(3) Model 3: A full model with all 14 potential risk factors,
including the addition of diabetes duration to Fisher et al.,9
except for periodontal status.
(4) Model 4: Model 3 with all 15 potential risk factors, including
periodontal disease score.
Given the importance of diabetes and hypertension as risk
factors for CKD and the potential that the CKD and periodontal
disease relationship may be bidirectional, we next used a two-step
analytic approach involving (1) tests for mediation, per Baron and
Kenny,36 and (2) a structural equation modeling approach25 to
examine the more complex direct and indirect effects of periodontal
disease on CKD, and vice versa. Figure 1 provides the basic
theoretical forms of the structural equation models tested.
Examination of diabetes and hypertension as possible
mediators of the relationship between CKD and periodontal
disease. The Baron and Kenny approach36 is an analytical method
that assesses the mediation of an effect by a factor/variable. Using
this approach, a model without the potential mediator is compared
with the same model except with the potential mediator to
determine if an observed effect is mediated by a particular variable.
This would be indicated by the exposure or potential risk factor
predicting the mediator and the mediator predicting the outcome.
First, diabetes was examined as a potential mediator of the
relationship between CKD and periodontal disease.9 A logistic
regression model was fitted for duration of diabetes as a function of
periodontal disease and other potential risk factors in the final
model of CKD depicted in Figure 1. Given that periodontal disease
had already been shown to be associated with CKD,9 a third model
was fitted that added diabetes duration to the CKD–periodontal
disease model to determine if the relationship remained after adding
diabetes duration. Next, hypertension was examined as a possible
mediator of the relationship between CKD and periodontal disease
using a similar methodology as described to assess diabetes.
Structural equation models. Whereas the logistic regression
method only considers the direct effect of periodontal disease on CKD
when controlling for the direct effects of the other potential risk factors,
structural equation models assesses both the direct and indirect
effects of diabetes duration, hypertension, and periodontal disease on
CKD. The Mplus software (Version 5; http://www.statmodel.com)
Table 2 | Descriptive summary of characteristics of study
populationa
Socioeconomic status
Mean age (continuous) 41.6
(s.e.:0.47)
Older age
Yes: X60 years old 17.4%
No: 18–59 years old 82.6%
Race/ethnicity
Non-Hispanic white 82.2%
Non-Hispanic black 11.5%
Mexican–American 6.3%
Gender
Female 52.4%
Male 47.6%
Lower income
Yes: o$20,000 annual household income 31.2%
No: X$20,000 annual household income 68.8%
Health status
Chronic kidney disease
Yes: 15–59ml per min per 1.73m2 3.3%
No: X60ml per min per 1.73m2 96.7%
Periodontal disease
Edentulous 10.3%
Periodontal disease (X1 site with both X4mm loss of
attachment and bleeding on the same tooth)
5.5%
No periodontal disease 84.2%
Diabetes statusb
Diabetes with poor control (X7% glycated hemoglobin) 2.4%
Diabetes with good control (o7% glycated
hemoglobin)
2.0%
No diabetes 95.6%
Mean diabetes duration (years) 0.40 (s.e.:0.03)
Hypertension
Yes: 4140mm Hg systolic pressure, or 490mm Hg
diastolic pressure, or told on two or more different visits
that one had hypertension
22.5%
No: p140mmHg systolic pressure, and p90mmHg
diastolic pressure, and not told on two or more different
visits that one had hypertension
77.5%
Health behavior and biomarkers
Smoking
Never smoker 46.9%
Former smoker 22.5%
Current smoker 30.6%
Macroalbuminuria
Yes:X300mg/g urinary albumin-to-creatinine excretion
ratio
0.8%
No: o300mg/g urinary albumin-to-creatinine excretion
ratio
99.2%
Mean CRP (continuous) 0.39 (s.e.:
0.01)
High total cholesterol
Yes: X240mg/dl total serum cholesterol 16.9%
No: o240mg/dl total serum cholesterol 83.1%
Low HDL
Yes: p35mg/dl 12.5%
No: 435mg/dl 87.5%
Anthropometric assessment
Mean BMI (continuous) 26.27
(s.e.:0.11)
Health care utilization
Annual physician visit
Yes 80.7%
No 19.3%
Hospitalizations in past year
Yes 11.1%
No 88.9%
Abbreviations: BMI, body mass index; CRP, C-reactive protein; HDL, high-density
lipoprotein.
aExcluding those who reported former or never smoking but were current smokers
based on serum cotinine levels X15 ng/ml.41
bDiabetes was defined as fasting plasma glucose X126mg/dl or plasma glucose
X200mg/dl after an oral glucose tolerance test or self-reported diagnosis of
diabetes by a physician.
Note: weighted percent for N=11,211 adults with data for all variables.
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was used to fit the structural equation models depicted in Figure 1.
This software has the unique ability to fit complex path models to both
continuous and categorical variables, whereas also taking complex
sample design features into account when computing estimates of path
coefficients, standard errors, and tests of overall model fit.31 Measures
of overall model fit (that is, general design-based w2-test of goodness of
fit) produced by Mplus31 were evaluated to determine whether the four
hypothesised path models were plausible. Individual path coefficients
in the model were tested for statistical significance given an acceptable
fit of each model, and direct, indirect and total effects of each variable
on CKD and periodontal disease were interpreted as a part of the
hypothesis-generating analysis. The following structural equation
models were fitted:
(1) Model A for CKD outcome: Periodontal disease, diabetes
duration, and hypertension leading to CKD, with periodontal
disease leading to diabetes, simultaneously adjusting for 12
other potential risk factors.
(2) Model B for CKD outcome: Periodontal disease, diabetes
duration, and hypertension leading to CKD, with diabetes
leading to periodontal disease, simultaneously adjusting for 12
other potential risk factors.
(3) Model C for periodontal disease outcome: CKD leading to
periodontal disease, with diabetes duration and hypertension
leading to CKD, simultaneously adjusting for seven other
potential risk factors.
(4) Model D for periodontal disease outcome: CKD and diabetes
duration leading to periodontal disease, with diabetes duration
and hypertension leading to CKD.
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